This paper is aiming at presenting some relevant contributions of Jean-Pierre Badiali during the first ten years of his growing scientific activity. This presentation does not contain new materials but is based on a number of selected papers published in the seventies, a part of them written in French. The presentation is organized around three points. The first point, corresponding to his PhD thesis, is concerned with the study of ion-solvent and ion-ion interactions in a solution using complex dielectric permittivity measurements in the Hertzian and microwave frequency range. The second one is concerned with an analysis of the ion pair absorption band observed in the far infrared region in terms of an interionic potential energy. The third one is concerned with the metal-solution interface and his significant advances on (i) the Lippmann equation linking electrocapillary and electrical measurements and (ii) the contribution of the metal to the differential interfacial capacity.
Introduction
This paper is written in memory of Jean-Pierre Badiali, providing a survey of his contribution during the first ten years of his scientific activity. As a matter of fact, this paper does not contain new results. It is based on the bibliography of J.P. Badiali as given in the references. Initially, he had a general training in electrical engineering without a particular predisposition in the field of electrochemistry. In 1967, he entered the C.N.R.S. research group n°4 "Physics of Liquids and Electrochemistry", directed by Prof. I. Epelboin. More specifically, he joined the team led by Dr. J.C. Lestrade, with the main objective to investigate the dielectric properties of electrolyte solutions, considered as partners of the electrochemical interfaces. In the sixties and seventies, a large number of laboratories around the world were invested in applying dielectric spectroscopy for studying molecular motions in pure liquids, which means measuring the complex dielectric permittivity in a large frequency domain including microwaves. In the case of electrolyte solutions, the number of laboratories involved was much less, notably in UK the pioneer group led by J.B. Hasted [1] and in Germany those of R. Pottel [2] and J. Barthel [3] . A reason for that was the experimental difficulty arising from the electrical conductivity of ionic solutions. Thus, measurements below c.a. 100 MHz are dominated by the losses due to the ionic conductivity preventing from reaching the so-called static dielectric constant of the medium, contrary to the case of pure liquids. Another limiting factor at this time was the necessity to develop several experimental set-ups (often one per frequency) to cover all the required frequency range. When preparing his PhD thesis [4] , his first task was to complete the existing experimental set-ups covering the frequency range, 0.1 to 10 GHz, by building a waveguide interferometer functioning at 35 GHz. As it will be shown later, this extended frequency domain was very useful to analyze the relaxation processes arising from molecular and ionic motions, at the source of his first theoretical derivations. The present paper is divided into three parts, corresponding to three relevant contributions of J.P. Badiali. The first one will be devoted to the modeling of ionic relaxation process, as evidenced from spectroscopic measurements in organic solvents with a low dielectric constant [5] [6] [7] [8] [9] [10] . The second one concerns the emerging THz spectroscopy applied to highly absorbing liquids [11, 12] , with the observation of an absorption band in the far infrared region (20 to 150 cm −1 ) related to the vibration of a cation-anion pair and the interpretation of the frequency corresponding to the absorption maximum in terms of an interionic potential [13] [14] [15] . The third one will refer to the electrochemical interface, from the point of view of surface tension and differential capacitance [16] [17] [18] [19] [20] . This was in the context of developing microscopic physical models of the metal-ionic solution interface using a statistical mechanical treatment of the whole interface [21, 22] .
Dielectric spectroscopy of electrolyte solutions

Generalities
As mentioned in the introduction, dielectric spectroscopy is based on the measurements of the complex dielectric permittivity ε * = ε ′ − iε ′′ with (i 2 = −1) in a frequency range sufficiently wide to get a reliable information both on the static properties of the medium (the so-called dielectric constant) and on different relaxation processes arising from molecular and ionic motions. It is worthwhile recalling that the dielectric permittivity expresses the response in terms of current density of a medium submitted to a perturbation of electric field. In the case of pure polar liquids, in the Hertzian frequency range (a few dozens of MHz to a few dozens of GHz), the observed response is that of rotation of molecular species. When considering electrolyte solutions, motion of charge carriers, as translational displacements, should now be taken into account. On the basis of statistical mechanics considerations, using the formalism of microscopic Maxwell equations, a general expression for the complex dielectric permittivity ε * (ω) of an electrolyte solution was established as:
where σ 0 is the low frequency conductivity, ω is the angular frequency and ε 0 = 8.84 · 10 −12 F/m [7] [8] [9] . Conductivity losses, expressed as σ 0 /(iωε 0 ), become a dominating contribution to ε at low frequencies. The first term ε * d (ω) represents the response of molecular species. The third term H * (ω) represents the frequency dependent contribution of ions, including cross effects between ions and molecular dipoles.
Solution spectrum analogous to solvent spectrum
This case corresponds to a charge transport independent of frequency, which means only represented by a static conductivity σ 0 , the one which can be measured at audio frequencies. In this way, the overall complex dielectric permittivity reads:
, where ε ′ d and ε ′′ d only refer to the solvent relaxation process. Such a situation is usually encountered for solutions with solvents having a high dielectric constant, for instance water, methanol, ethanol, N,N-dimethylformamide (DMF) [5, 6] . Any change in the solvent relaxation parameters can be attributed to the short range ion-solvent interactions. In a general way, it has been established that the observed decrease of the solvent static permittivity ε s (c), when increasing the salt concentration c, provided a quantitative information on the ion solvation process. In agreement with experiments, at low salt concentrations, ε s (c) is a linear relation, with a slope δ. The static solvent permittivity ε s is conveniently described by the Kirkwood-Fröhlich expression: 2) in which ε ∞ represents the electronic and atomic contribution to the permittivity, µ is the dipole moment of a solvent molecule in vacuum, k is the Boltzmann constant, T is the absolute temperature, N is the number of solvent molecules per volume unit participating in the polarization of orientation and g is the correlation factor between neighboring solvent dipoles. Using the above formula, a linear relation for 
ε s (c) yields a linear relation for N(c) as N(c) = N 0 − qc with the following expression for q:
As a result, q is an estimate of a solvation number defined as the number of rotation-blocked solvent molecules per molecule of salt. It has been shown that for cations such as Li + , Na + , Mg 2+ , the short range cation solvent molecule interactions could be coordinated bonds formation at the number of 4 per cation, in a tetrahedral configuration. For symmetry reason, the solvated cations bear no permanent dipole moment. Anions such as ClO − 4 are assumed to be not solvated and small anions such as halides may interact with molecules but without building well defined non-polar structures. A number of significant data are given in table 1, showing that the number of blocked molecules are found to be very high in hydrogen bonded solvents due to their self-association. In alcohols, the solvation shell is not limited to the molecules coordinated with the cation but involves rigid molecular chains, the mean number of molecules per chain being given by the quantity f . For a simple liquid such as DMF without dipolar correlations, f is close to 1, the number of blocked molecules is close to 4, as predicted by the cation solvation model.
Solution spectrum with additional ionic relaxation process
Dielectric experiments of ionic solutions in weakly polar solvents, such as acetone, ethyl acetate, tetrahydrofuran (THF), clearly evidence a new relaxation process in addition to that of the solvent [7, 10] . A first attempt in literature to interpret this phenomenon was to consider the ion pair formation, in a way analogous to what was done in classical theories of conductivity of dilute electrolytes. Ion pairing is based on the static concept of a chemical equilibrium between ion pairs and free ionic species. Neutral ion pairs do not participate in charge transport and are capable of rotating as molecular dipoles with a definite dipole moment. Such an approach gives rise to several objections: (i) at relatively high salt concentrations, necessary to extract the ionic contribution from dielectric experiments, ionic aggregates of the orders higher than ion pairs should be introduced, as done in conductivity theories; (ii) ion pair cannot be actually considered as having an infinite life-time. To clarify these objections, Badiali et al. derive a formal theoretical expression for the conductivity and its frequency dependence which will be briefly summarized below [7] . It has been shown that the time dependence of the current density I(t) could be written as: relaxation; (ii) ionic relaxation leading to a frequency dependent conductivity σ(ω); (iii) coupling between dipolar and charged species usually considered as negligible. The following expression was derived for the frequency dependent conductivity σ(ω):
Then, the spectral response of electrolytes is connected with the self-correlation function of the electrical moment of all the ions in a given volume. Using the above expression, a statistical model of charge transport was derived considering around an anion the relative motion of a cation perturbed by collisions with other species with a probability p to be weak, (1 − p) to be strong, and a linear motion between collisions. The collision times are assumed to be distributed according to a Poisson process. It leads to a class of non-exponential correlation functions as suggested by experiments. In the special case of a linear Brownian motion between collisions, an analytical expression was obtained for the ionic conductivity σ(ω). It can be expressed in terms of a complex permittivity ε c (ω):
The second term in equation (2.6) provides an analytical expression to the H * (ω) function appearing in the general expression of the response ε * (ω) of an electrolyte solution (2.1). This model was successful for representing the experimental data of electrolyte solutions in weakly polar solvents. As an example, figure 1 shows the variations of the real and imaginary parts of ε * (ω) with frequency in the case of solutions of LiClO 4 in tetrahydrofuran at 30°C. The agreement between model and experiments is of the order of 1% on the real and imaginary parts of ε * (ω). Table 2 shows the full expression of ε * (ω) used to represent the experimental spectra and the values of the relevant parameters obtained by numerical fitting. As previously, the static dielectric constant of the solvent ε s decreases at an increasing salt concentration, in agreement with a solvation number close to 4. The characteristic time of relaxation of ionic atmosphere τ lies in the range 130-200 ps, one hundred times larger than the dipole rotation time. The probability factor p for the occurrence of weak collisions turns around 0.5. The mean anion-cation quadratic distance δ ac = R 2 (0) can be calculated from the amplitude ∆ε of the ionic relaxation according to: where e is the electronic charge. The values of δ ac are slightly higher than the sum of the crystallographic radii (0.26 nm), in good agreement with the fact that the cation is solvated and that the ion pair is a fluctuating labile structure.
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Interionic potential energy and far-infrared signature
As mentioned above, the microwave properties of electrolyte solutions in non-aqueous solvents consist mainly in an excess dielectric polarization and absorption which is interpreted in terms of ionic processes at the time scale of about 10 −9 s. A realistic interpretation of this phenomenon was proposed, based on a stochastic description of the translational diffusion of ions, perturbed by instantaneous collisions. In the far-infrared range (FIR), at millimeter and submillimeter wavelengths (10 to 150 cm −1 wave numbers), molecular liquids present an absorption originating from rotational motion, combined eventually with low frequency vibration modes. In the presence of ions, additional effects can occur due to ion-ion and ion-solvent interactions, each one depending on the nature of the solvent and ions. In what follows, we are dealing with the FIR response of tetraalkylammonium halides R 4 NX for which a model for the ion-ion pair potential energy was elaborated. FIR spectra of R 4 NX in solvents such as benzene, carbon tetrachloride and chloroform are characterized by a very broad and asymmetric absorption band, the frequency position ν L being anion dependent, as depicted in figure 2 [13] [14] [15] . This is in agreement with the harmonic oscillator model for the anion-cation pair, the resonant frequency ν L being related to the force constant k L :
where c 0 is the light velocity and m +− is the reduced mass of the ion pair, close to the anion mass because the cation is much heavier than the anion. It was shown that a realistic effective pair potential u i j could be derived from properties of the salt in the solid state. The proposed form was:
where r i j is the distance between the ions i and j, having a charge e i or e j , and polarizabilities α i or α j , respectively. If r L is the equilibrium distance between the centers of both charges, the force constant k L governing the band position is given by: In this expression, b is determined from the properties of the solid. Assuming a body-centered cubic arrangement (CsCl type) for the structure of R 4 NX when unknown leads to calculated frequencies in satisfying agreement for the solid salts but lower than the experimental ones in solution. A more refined calculation was done in the case of tetrapropylammonium bromide Pr 4 NBr for which the actual structure is known as a zinc sulfide type arrangement. Due to a tetragonal structure, there is a distribution of frequencies according to the crystallographic directions. As shown in table 3, the b parameter relative to the repulsive term is strongly dependent on the structure, and the right structure leads to a fine agreement between experimental and calculated ν L frequencies, validating the physical image of an ion pair vibrator in solution at the 10 −12 -10 −13 s time scale.
Electrochemical interface
Among the possible electrochemical systems, the ideally polarisable electrochemical interface is the simplest one, in the sense that no charge transfer occurs across it. The most widely studied example is given by the mercury drop electrode, which allows one to perform electrocapillary and electrical impedance measurements. Such an ideal system was an attractive field for Badiali to develop a general statistical mechanical treatment in comparison with the usual thermodynamic approach. The first important contribution was concerned with the notion of surface tension, more precisely with the Lippmann equation, the second one was concerned with the contribution of the metal to the differential capacitance of the ideally polarized electrode.
The Lippmann equation
The Lippmann equation is concerned with the surface tension γ of the interface between an ideally polarisable electrode and an ionic solution. According to this equation, the change in surface tension ∆γ, divided by the change in the potential drop across the interface ∆U, gives the negative of the surface charge density Q. As a consequence, the second derivative of the surface tension with potential can be identified with the capacity of the double layer C dl obtained from impedance measurements. It reads:
When derived by thermodynamics, the quantities appearing in the Lippmann equation do not refer to the actual charge distribution in the interfacial region. The original work of Badiali and Goodisman was to derive the Lippmann equation by statistical mechanical methods on the basis of a model at the molecular level, enabling all the quantities appearing in the model to have a physical definition [16, 17] . The first step was to derive the conditions for mechanical equilibrium in the presence of an electric field of a system with inhomogeneous and anisotropic properties. From the balance of forces, equations were obtained for the surface tension in terms of the pressure, electric field, electric charge density, and electric polarization at each point within the system. Having in mind the mercury drop electrode, a spherically symmetric system was considered, allowing a direct calculation of the change in the surface tension ∆γ produced by a change in the potential drop ∆U, maintaining thermal equilibrium, constant temperature, and the pressure and chemical composition in homogeneous regions. A surface on which the charge density is always zero was introduced within the interface, allowing the surface charge to be defined as the integral of the charge density over the metal side of the interface. Only the solution side was treated by statistical mechanics using Boltzmann distributions for charged and polarisable species. The Lippmann equation was successfully derived in two cases: (i) considering only ions and assuming a dielectric constant equal to that of vacuum; (ii) considering ions and molecules in thermal equilibrium, and a dielectric constant varying from a point to point and changing with the field. It was emphasized that, in a coherent model, it was inadmissible of reducing the solvent to a medium of fixed dielectric constant. Finally, considering the response of the system to an imposed alternating potential, within the low frequency limit, it was demonstrated that the system behaves as a pure capacitance with a value equal to the derivative of the above mentioned surface charge density with respect to the potential drop across the interface.
Contribution of the metal to the interfacial differential capacity
Experimentally, it was found that the point of zero charge (pzc) and the interfacial differential capacity of a metal-solution interface are dependent on the metal. To understand this dependence, Badiali et al. firstly intended to calculate how the surface potential can be modified by the metal solvent interaction at the pzc [18] , and subsequently with the charge on the metal in view of calculating the interfacial capacitance [19, 20] . The model for the metal surface in contact with a solvent they retained was the socalled "dielectric field model" represented in figure 3 with parameters for an aqueous solution. Assuming no specific adsorption, the metal should be in contact with a monolayer of water, whose thickness d 2 − d 1 is about 0.3 nm and attributing a relative dielectric permittivity ε 1 = 6 for the fixed dipoles. It is assumed that the water monolayer is bounded by an ideal charged plane (located at d 2 ), beyond which one has an unperturbed solvent with dielectric permittivity ε 1 = 78. The distance d 1 is the distance of the closest approach between the metal ion cores and the center of adsorbed solvent molecules. A calculation of d 1 was proposed by Kornyshev and Vorotyntsev, about 0.13 nm in the case of mercury [23] . For Badiali et al., d 1 was considered as an equilibrium distance as the result of metal-solution coupling, which is charge dependent.
Using a two-parameter exponential profile for electrons, the above model leads to an expression of the interfacial differential capacity C at the pzc:
C M (dip) corresponds to the relaxation of the electronic structure with the charge on the metal. This approach has successfully taken into account the large difference in the capacitance values obtained for a mercury electrode C(Hg) = 28 F/cm 2 , and for a gallium electrode C(Ga) = 135 F/cm 2 , emphasizing the crucial role played by the metal in determining the value of the interfacial capacity. 
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Conclusion and perspectives
The research works presented in this paper reflect a certain state of the art forty or fifty years ago. A number of progresses have been made since that time. This is particularly the case for the ultra-broadband dielectric spectroscopy (1 MHz to 10 THz), mainly due to technological developments, although several different apparatuses with limited bandwidth remain still required for covering the full frequency range. For instance, by the use of network analyzers it becomes possible to record a dielectric spectrum over three decades within a minute instead of hours [24] . The advantages and capabilities of modern dielectric spectroscopy for investigating ion-ion and ion-solvent interactions can be found in the review paper of Buchner and Hefter [25] . For the electrochemical interface, the 1980s were a very fruitful period through the development of truly molecular models for the whole interphase based on jellium for the metal and on ensembles of hard spheres for the electrolyte solution. Such a mathematical description of the metalsolution interface, in which Badiali was an active contributor, was progressively completed by numerical experiments of increasing complexity as stated in [26] . As an example, such theoretical experiments were performed to describe the branching pattern of the capacitance-voltage curves at the metal -ionic solution interface [27] . The tendency in recent works is the shift from aqueous systems to ionic liquids to understand the bell or camel-shaped capacitance-potential curve around the point of zero charge, not explainable within the classical Gouy, Chapman and Stern theory [28] .
From the above review, it is clear that J.P. Badiali was early on interested in providing a physical explanation of a number of experimental facts in the field of electrochemistry, using fundamental theoretical approaches. This attitude was always his during his brilliant career of researcher.
